Wetlands in the mid-and high-latitudes are particularly vulnerable to environmental changes and have declined dramatically in recent decades. Climate change and human activities are arguably the most important factors driving wetland distribution changes which will have important implications for wetland ecological functions and services. We analyzed the importance of driving variables for wetland distribution and investigated the relative importance of climatic factors and human activity factors in driving historical wetland distribution changes. We predicted wetland distribution changes under climate change and human activities over the 21st century using the Random Forest model in a mid-and high-latitude region of Northeast China. Climate change scenarios included three Representative Concentration Pathways (RCPs) based on five general circulation models (GCMs) downloaded from the Coupled Model Intercomparison Project, Phase 5 (CMIP5). The three scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) predicted radiative forcing to peak at 2.6, 4.5, and 8.5 W/m 2 by the 2100s, respectively. Our results showed that the variables with high importance scores were agricultural population proportion, warmness index, distance to water body, coldness index, and annual mean precipitation; climatic variables were given higher importance scores than human activity variables on average. Average predicted wetland area among three emission scenarios were 340,000 ha, 123,000 ha, and 113,000 ha for the 2040s, 2070s, and 2100s, respectively. Average change percent in predicted wetland area among three periods was greatest under the RCP 8.5 emission scenario followed by RCP 4.5 and RCP 2.6 emission scenarios, which were 78%, 64%, and 55%, respectively. Losses in predicted wetland distribution were generally around agricultural lands and expanded continually from the north to the whole region over time, while the gains were mostly associated with grasslands and water in the most southern region. In conclusion, climatic factors had larger effects than human activity factors on historical wetland distribution changes and wetland distributions were predicted to decline remarkably over time under climate change scenarios. Our findings have important implications for wetland resource management and restoration because predictions of future wetland changes are needed for wetlands management planning.
Introduction
Wetlands in the mid-and high-latitudes account for approximately 64% of the world's natural wetlands [1] , which provide ecological functions and services (e.g., biodiversity, carbon sink and storage, water conservation, hydrological adjustment, climatic regulation, and wildlife habitats) [2, 3] . These wetlands are particularly vulnerable to environmental changes [4] . Recent studies showed that extensive wetlands disappeared in the mid-and high-latitudes during the last century and this trend is predicted to continue throughout the 21st century [5] . Climate change and human activities are arguably the most important factors driving wetland changes [6] . Climate change affects wetland distribution through directly altering the hydrological process [7] and indirectly changing soil temperature, biogeochemical cycles, and vegetation dynamics [8, 9] . Human activities such as urbanization [10, 11] , agricultural reclamation [12] , establishing the reservoirs [13] , aquaculture [14] , and overgrazing [15] can lead to immediate wetland area changes. Climate change and human activities will have potential negative consequences for wetland distribution.
Previous studies have analyzed changes in wetland distribution under climate change scenarios derived from the Special Report of Emissions Scenarios (SRES) [16, 17] . Antoine, et al. [18] pointed out that climate change reduced wetland areas by 5.3-13.6% over two periods 1961-2000 and 2081-2100 in Northwest France by using climate change scenarios derived from 14 GCMs for the A1B greenhouse gas (GHG). Nicholls [19] concluded that the coastal wetlands would be lost with 5-20% losses by the 2080s in the A1F1 world downscaled from the HadCM3 model. However, previous climate warming scenarios (e.g., SRES [18] [19] [20] ), did not include socioeconomic drivers [21] , whereas the RCPs were able to account for the effects of various combinations of economies, technology developments, and demographics [17, 22, 23] . Additionally, the IPCC 5th Assessment Report pointed out that the simulations of climate change from RCP scenarios would lead to precipitation changes and ice as well as snow melting and the geographic distribution of land and water would be altered to adapt to climate change [24] [25] [26] . Thus, the RCP scenarios were needed to predict future effects of climate change on wetland distribution.
Many models were developed to investigate the future wetland distribution changes in the midand high-latitudes under climate change and human activities, such as the zero-inflation model [27] , maximum entropy model [28, 29] , logistic regression model [30] , wetland landscape model [31] , and cellar automata-Markov model [32, 33] . Predictions using the maximum entropy model suggested that wetlands would decrease greatly over the 21st century in a mid-and high-latitude region of Northeast China [28] . Predictions using the logistic regression model suggested that mean patch area, shape, and aggregation of the marsh landscape decreased with climate warming in a mid-and high-latitude region of Northeast China over the 21st century [34] . Predictions using the cellar automata-Markov model suggested that the wetland under the effect of human activities had a significant amount of loss in a mid-and high-latitude region of Turkey in 2023 [33] . However, most studies of wetland distribution changes emphasized either climate change or human activities alone [35] and rarely considered both. Therefore, the future wetland changes in the mid-and high-latitudes and the combined effects of climate change and human activities on these changes remained uncertain.
In our study, we used the Random Forest model [36] to analyze the relative importance of driving variables and predict the temporal and spatial changes in wetland distribution under climate change and human activities over the 21st century in a mid-and high-latitude region of Northeast China. We used the historical wetland distribution and driving factors including climate, hydrology, topography, and human activities to build the model and predict the wetland distribution changes at a spatial resolution of 200 m. Our research questions included the following: (1) what is the relative importance of climate change and human activities in driving historical wetland distribution changes? (2) how will wetland distribution change, driven by the combined effects of climate change and human activities over the 21st century?
Materials and Methods

Study Area
Our study area was located in the Heilongjiang River Basin of Northeast China, a mid-and high-latitude region extending from 123 • 33 to 127 • 31 E and 46 • 10 to 48 • 25 N with a total area of 3,408,965 ha ( Figure 1) . The region has a temperate, continental, semi-humid, semi-arid monsoon climate, with long, cold winters and warm summers. Annual mean temperature is 2.74 • C and annual mean precipitation is 469.46 mm. Heilongjiang River Basin contained the most abundant wetlands in Northeast China, but the wetlands suffered serious human disturbances with population increasing quickly and extensive agricultural reclamation due to its suitable farming conditions. Sustainability 2018, 10, x FOR PEER REVIEW 3 of 14
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Study Area
Our study area was located in the Heilongjiang River Basin of Northeast China, a mid-and high-latitude region extending from 123°33′ to 127°31′ E and 46°10′ to 48°25′ N with a total area of 3,408,965 ha ( Figure 1) . The region has a temperate, continental, semi-humid, semi-arid monsoon climate, with long, cold winters and warm summers. Annual mean temperature is 2.74 °C and annual mean precipitation is 469.46 mm. Heilongjiang River Basin contained the most abundant wetlands in Northeast China, but the wetlands suffered serious human disturbances with population increasing quickly and extensive agricultural reclamation due to its suitable farming conditions. 
Historical Wetland Data
We used cloud-free Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM+) with a spatial resolution of 30 m for the 1990s, 2000s, and 2010s to identify the wetland distribution in our study area. Landsat TM/ETM+ satellite images were downloaded from the USGS Center for Earth Resources Observation and Science (http://glovis.usgs.gov). We used radiometric calibration and FlAASH atmospheric correction models to correct all images removing radiometric and atmospheric effects with ENVI 5.2. We applied object-oriented classification methods to classify the wetland distribution [37, 38] and improved the accuracy of wetland classification by environmental factors related to wetland distribution, such as DEM [39] . We validated the wetland classification results for the 1990s and 2000s by comparing with other studies [40] that assured the classification accuracy for the 1990s and 2000s was above 90%. We validated the wetland classification results of the 2010s using field data with an accuracy of 85%. We resampled the classification results of the 1990s, 2000s, and 2010s into a resolution of 90 m.
Climate Data and Climate Change Scenarios
We included a current climate scenario and three climate change scenarios. We chose five GCMs (IPSL-CM5A-MR, MIROC5, MIROC-ESM-CHEM, MRI-CGCM3, and NorESM1-M) from CMIP5 by comparing the root-mean-square errors (RMSEs) between the historical and observed climate data [23, 41] . The smaller RMSEs indicated that the corresponding model performed better [22] . Thus, we considered that the five GCMs performed relatively well [21] . We used the historic climate data rather than the projected current climate data from the ensemble of the five GCMs in our modelling scenarios [20] . We selected RCP scenarios from the GCMs including RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios representing the lowest, intermediate, and highest increases in 
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We included a current climate scenario and three climate change scenarios. We chose five GCMs (IPSL-CM5A-MR, MIROC5, MIROC-ESM-CHEM, MRI-CGCM3, and NorESM1-M) from CMIP5 by comparing the root-mean-square errors (RMSEs) between the historical and observed climate data [23, 41] . The smaller RMSEs indicated that the corresponding model performed better [22] . Thus, we considered that the five GCMs performed relatively well [21] . We used the historic climate data rather than the projected current climate data from the ensemble of the five GCMs in our modelling scenarios [20] . We selected RCP scenarios from the GCMs including RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios representing the lowest, intermediate, and highest increases in temperature in this region, respectively [42] [43] [44] . The historical monthly climate data (1960s-2009) were derived from China Meteorological Administration and the Meteorological Data Center (http://data.cma.cn/site/index.html). The climate scenarios data (2010s-2099) were obtained from CMIP5 (http://cmip-pcmdi.llnl.gov/cmip5/). We resampled all climate data to a 0.5 • resolution grid because of the different resolutions among GCMs [45] . We assembled the annual mean temperature and annual mean precipitation from five GCMs under RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios at the 2040s (2010s-2039), 2070s (2040s-2069), and 2100s (2070s-2099). Annual mean temperature and annual mean precipitation changed slightly under the RCP 2.6 emission scenario, increased under the RCP 4.5 emission scenario, and increased dramatically under the RCP 8.5 emission scenario (Table 1) . 
Topographical Variables, Hydrological Variables, Climatic Variables, and Human Activity Variables
We selected topography, hydrology, climate, and human activities as driving factors, which included 15 driving variables. Because of the inconsistent resolutions of driving variables, we resampled the maps of the wetland and driving variables to 200-m cells.
We included the warmness index, coldness index, annual mean precipitation, humidity index, annual mean temperature, potential evapotranspiration ratio, and annual biological temperature as climatic variables [20] . We calculated these variables for four periods, which included the current period (1960s-2009) and future periods (2010s-2039, 2040s-2069, and 2070s-2099). We calculated the warmness index and coldness index based on Kira's method [46, 47] , the humidity index based on Kira's WI [48] , and the annual biological temperature and potential evapotranspiration ratio based on the revised Holdridge's method [49] [50] [51] .
We included aspect, slope, and elevation as topography variables [29] . We obtained slope, aspect, and elevation from the Digital Elevation Model (DEM) that was derived from the latest earth electronic topographic data of 2009 jointly launched by the National Aeronautics and Space Administration and the Ministry of Economy, Trade, and Industry of Japan. We used distance to water body as a hydrological variable because of the inaccessibility of other hydrologic data such as underground water [52] .
We included agricultural population proportion [53] , paddy field area proportion, dry farmland area proportion, and distance to roads [52] as human activity variables [54] . The census data, including population and agricultural cultivation (1990-2009), were derived from China Data Sharing Infrastructure of Earth System Science (http://www.geodata.cn/). Distance to roads was calculated by using roads map (2009). The roads maps were only evaluated in 2009 because historic roads maps were not available.
Model Performance, Validation, and Prediction
We analyzed the relative importance of 15 driving variables in historic wetland distribution changes using the Random Forest model by calculating the values of Mean Decrease Accuracy (MDA). The Random Forest model was suitable for explaining the nonlinear and collinear relationships among driving variables and was capable of handling a flexible number of input variables [55] . Random Forest was an ensemble learning technology that implemented a Breiman random forest algorithm based on a combination of many decision trees [56, 57] . For each tree in the Random Forest model, a random set of variables and a random sample from the dataset for training were selected [58] . MDA in Random Forest could be used to rank variable importance. MDA quantified variable importance through measuring the change in Random Forest prediction accuracy, when the variable values were randomly permuted compared to original observations [59, 60] . The larger MDA value denoted that the variable was more important [61] [62] [63] . Additionally, the Random Forest model we used was from a package in R (http://www.R-project.org).
We used the Random Forest model to predict future wetland distributions based on the relationship between historical wetland distribution and the driving variables. We first built the model using the historical wetland datasets including the 1990s and 2000s. Specifically, we divided the study area into approximately 850,000 cells. We used all 15 driving variables in the Random Forest model to explain wetland distribution in each grid cell and ranked the driving variables by importance. For the sake of building a statistically testable Random Forest model, we sampled 50% from the total number of cells where wetland occurred and 20% from the total number of cells of non-wetland from the 1990s to 2000s as the training datasets to establish the Random Forest models. Secondly, we predicted wetland distributions during the 2010s and then validated these predictions using the observed wetland data from the 2010s by comparing the predicted and observed wetland area during the 2010s. We also compared the predicted and observed wetland spatial distributions using receiver operating characteristics (ROC), which plotted sensitivity on the y axis and 1-specificity on the x axis for all possible thresholds (Phillips et al. We finally predicted the future wetland distributions for the 2040s, 2070s, and 2100s under RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios, respectively. We summarized the differences in predicted wetland area among emission scenarios for the 2040s, 2070s, and 2100s. To capture the spatial changes in wetland distribution for the 2040s, 2070s, and 2100s, we calculated and mapped loss, gain, and persistence rates in which future wetland distribution changed from present to absent, absent to present, and persistent, respectively, compared with the wetland distribution under the current climate scenario.
Results
Prediction Accuracy Assessment
Our results showed that the predicted wetland area was similar to the observed wetland area (550,400 ha) for the 2010s. The average AUC value was 0.82 in the good standard range, indicating that the wetland spatial distributions between the predicted and the observed data were generally similar ( Figure 2) . Thus, we believe that the Random Forest model performed well for predicting future wetland distribution changes. 
Importance of Driving Variables
The importance scores of 15 individual variables ranged from 1 to 15 ( Table 2 ). The high-ranking variables included agricultural population proportion, warmness index, distance to water body, coldness index, and annual mean precipitation, which had importance scores of 13.06%, 11.47%, 11.15%, 10.83%, and 10.57%, respectively (Table 2 ). On average, the important score of climatic factors (9.67%) was slightly higher than human activity factors (9.13%) and a lot higher than topographical factors (1.75%). 
Future Wetland Distribution Changes
On average, the predicted wetland area decreased slightly for the 2040s, decreased for the 2070s, and then decreased remarkably for the 2100s compared with the current scenario (2010s) (Figure 3) . Average predicted wetland areas among three emission scenarios were 340,000 ha, 123,000 ha, and 113,000 ha for the 2040s, 2070s, and 2100s, respectively. Predicted wetland changes generally had similar patterns under the three emission scenarios. Average predicted wetland areas among three time periods were approximately 250,000 ha, 200,000 ha, and 125,000 ha under the RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios, respectively (Figure 3) . 
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The persistent wetlands among three emission scenarios were in the most southern subsections with different spatial distributions (e.g., scattered and aggregated) (Figure 4 ). Average persistence among three emission scenarios was 35% for the 2040s, then decreased to 12% for the 2070s, and rebounded to 16% for the 2100s ( Figure 5) .
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Discussion
The Relative Importance
Our results showed that the variables with high importance scores included agricultural population proportion, warmness index, distance to water body, coldness index, and annual mean precipitation. The important score of agricultural population proportion ranked first because the agricultural population was directly related to the reclamation of wetland into farmland due to food demands and economic needs. This was also found by the research of Wo and Sun [64] who pointed out that agricultural population was the major factor in wetland changes in Northeast China; Xu and Dong [65] considered population, as well as farmers' per capita net income, as major driving factors of wetland changes in this region. Warmness index was ranked second because high temperature accelerated the evaporation of wetland surface water altering wetland water cycles [31] , consequently affecting wetland distribution. Distance to a water body as a hydrological variable ranked third because adequate water recharge maintained the wetland water tables which affected the growth of wetland plants, ultimately changing wetland distribution [4, 66] . Coldness index was important because it affected the growth of wetland plants and the evaporation of surface water [67] . Annual mean precipitation also affected the water tables of the wetland and provided water recharge, which played a significant role in wetland extent [68, 69] .
Climatic factors had slightly larger effects than human factors on wetland distribution changes and much larger effects than topographical factors with relatively flat terrains. Climate in the study area presented a warming trend that affected the wetland. The agricultural population generally reclaimed the wetland into farmland due to food demands and economic needs [69] . However, the agricultural reclamation active during the 1950s has remained relatively stable after the 1990s [70] . Climate change had negative effects on wetland distribution changes in the mid-and high-latitudes generally. The warming climate would increase soil temperature, decrease the groundwater level, accelerate water circulation, and affect the growth of wetland plants that led to poor water interception and minimal surface flow in wetlands [31] . The stable reclamation still had a negative effect on wetland changes in this region because human activities converted the wetlands to 
Discussion
The Relative Importance
Climatic factors had slightly larger effects than human factors on wetland distribution changes and much larger effects than topographical factors with relatively flat terrains. Climate in the study area presented a warming trend that affected the wetland. The agricultural population generally reclaimed the wetland into farmland due to food demands and economic needs [69] . However, the agricultural reclamation active during the 1950s has remained relatively stable after the 1990s [70] . Climate change had negative effects on wetland distribution changes in the mid-and high-latitudes generally. The warming climate would increase soil temperature, decrease the groundwater level, accelerate water circulation, and affect the growth of wetland plants that led to poor water interception and minimal surface flow in wetlands [31] . The stable reclamation still had a negative effect on wetland changes in this region because human activities converted the wetlands to agricultural uses to accommodate population growth [70] [71] [72] . The important effects of climate change and human activities on wetland distribution were generally consistent with previous studies.
Nevertheless, our study, in selecting the driving factors of wetland changes, was different from some previous studies. Geological, topographic, and climatic conditions led to various changes in the predicted wetland distributions in some mid-and high-latitude regions of Europe [73] . Hydrological variability and geomorphic controls provided some explanatory power in wetland distribution changes in a mid-and high region of USA [74] . LUCC changes (e.g., grasslands and forest) resulted in some wetlands loss in a mid-and high-latitude region of Argentina [75] . These differences may be due to different approaches used or differences between our regional results and site-specific results. Thus, investigating wetland distribution changes may need to consider more driving factors such as geology and LUCC changes.
Predicted Wetland Distribution Changes
We predicted that wetland distribution would decrease continuously over the 21st century in the mid-and high-latitude regions. Such trends were expected because excessive warming caused increasing declines in predicted wetland distribution over time [31] . The trends of temporal changes predicted in our model were generally consistent with those predicted by other models (e.g., maximum entropy model [28] , logistic regression model [34] ). However, our prediction considered the human activities, so we revealed that the wetland changed more rapidly than other predictions under climate warming alone [20] . Human activities (e.g., agricultural reclamation and irrigation) led to declines in predicted wetland area and accelerated the wetland changes under climate change [76] . The declines in our study were a result of combined effects of climate change and human activities on the future wetland distributions.
Average changes in predicted wetland area were mainly in the south, southwest, and southeast because most of the wetland was distributed in the south of the study area. Spatial distribution changes (e.g., loss, gain, and persistence) in predicted wetland were varied. Average losses in predicted wetland distribution increased and were mostly located around the agricultural lands because warming climate caused declines in wetland surface water and thus provided favorable preconditions for agricultural reclamation [70, 71] . Average gains in predicted wetland distribution decreased and were nearly associated with water and grasslands in the southern region. This was because the increases in temperature and precipitation may favor water flow, wetland plant growth, and sediment transport, therefore forming more wetland niche around the water [66] . However, warmer temperature would increase soil temperature and affect enzymatic activity to inhibit wetland plants growth, which would result in poor water interception and minimal surface flow and thus wetland losses [66] . Average persistence in predicted wetland distribution presented the variation tendency of a "V" shape and was in the southern subsections. The increases in temperature were accompanied by increases in evaporation, but the increases in precipitation provided more water recharge for wetlands [66] . Thus, the offset between evaporation and water recharge may determine the persistence of future wetland distributions.
We took the current wetland distribution scenario and compared it with the predicted wetland distributions under the RCP 2.6, RCP 4.5, and RCP 8.5 climate scenarios from the ensemble of five GCMs. The method was used to identify the effects of climate change on wetland distribution under the three scenarios. The usage of GCMs in our study was not completely consistent with the recent studies. Reese and Skagen [77] recently projected shorebird probabilities of occurrence using the RCP 8.5 climate scenario which was based on five GCMs and the ensemble of the GCMs. They assessed the difference of shorebird probabilities of occurrence among five GCMs because the General Circulation Models (GCMs) had intrinsic differences due to their structure or parameter schemes even under the same emission scenario [17] . Thus, studying the effects of climate change on wetland distribution needs to consider not only different climate scenarios but also the misspecification and bias of the GCMs.
Results Implications and Uncertainties
Our findings have important implications for wetland resource management and restoration because the variables with high importance scores for historical wetland distribution changes are useful for making wetland management decisions and predicting wetland distribution changes in response to climate change and human activities. It will be possible to manage wetlands for climate change adaptation and human activities mitigation with other management objectives such as ecological functions and economic benefits. Land use and management may need to take the types of temporal and spatial wetland changes into consideration. Wetland management is likely to promote the adaption and resistance of wetlands to climate change and human activities in the mid-and high-latitudes.
Our predictions of wetland distribution were subject to uncertainties in the Random Forest model. We did not consider some factors (e.g., biogeochemical cycles, geology, and LUCC changes) that may be important for predicting the wetland distribution changes [73, 75, 78] . Additionally, when comparing the effects of climate change on wetland distribution under current climate scenarios with future climate scenarios, we used the historic climate data rather than the projected current climate data from the ensemble of the five GCMs in our modelling scenarios. The method might underestimate the uncertainty of the GCMs [79] . Nevertheless, our predicted results addressed our research questions and were generally consistent with previous research. Our study clearly revealed that climatic factors were more important than human activity factors on average in driving wetland distribution changes over the past decades and that wetland distribution would decrease continually under the effects of climate change and human activities over the 21st century.
Conclusions
In our study, we quantified the importance of 15 driving variables that can help to explore the relative importance of climatic factors and human activity factors in driving historical wetland distribution changes. We predicted wetland distributions under RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios in a mid-and high-latitude region which will help predict wetland distribution change driven by the combined effects of climate change and human activities over the 21st century. Our results showed that the variables with high importance scores driving historical wetland distribution changes included agricultural population proportion, warmness index, distance to water body, coldness index, and annual mean precipitation. We found that climatic factors had larger effects than human activity factors on average in regard to wetland distribution changes over recent decades and that human activity has accelerated wetland changes. Average predicted wetland distribution decreased dramatically among the three periods of time investigated. Predicted wetland distribution changes were mainly in the southern portion of the study area due to the location of most wetlands. The losses in predicted wetland distribution were around agricultural lands and expanded continually north to the whole region over time, whereas gains in predicted wetland distributions were associated with grasslands and water in the southern-most portion of the region. In the mid-and high-latitudes with increasing human activities and climate change developing, our findings provide information for wetland resource management and restoration.
